The crystal and molecular structure of an ammonium octahydrate salt of the ribodinucleoside monophos-* Present address:
dimensions are very similar to those of the sodium salt [Rosenberg, Seeman, Day & Rich (1976) . J. Mol. Biol. 104, ; however, the two structures are non-isomorphous. Conformational features of the ammonium salt are as expected for an RNA-like Watson-Crick base-paired duplex.
Introduction
Self-complementary phosphates may be considered to be the smallest fragments of double-helical nucleic acids that possess the conformational characteristics of polynucleotides themselves. The determinations of the crystal structures of guanylyl-3',5'-cytidine (GpC) as sodium (Rosenberg, Seeman, Day & Rich, 1976) and calcium salts (Hingerty, Subramanian, Stellman, Sato, Broyde & Langridge, 1976) showed the principal features of RNA-11 helical fragments -Watson-Crick base-pairing and backbone torsion angles that are close to those derived from X-ray fibre studies on doublestranded RNA (Arnott, Smith & Chandrasekaran, 1976) .
This study is concerned with the crystal structure of a third salt of GpC, the ammonium one. In view of the important roles played by water molecules and counter ions in maintaining the integrity of nucleic acid and oligonucleotide structure, this work pays especial attention to these features.
Experimental
Crystals of ammonium GpC were grown from an aqueous solution containing free-base GpC, ammonium sulphate, and an intercalating drug, in the course of attempts to obtain a crystalline GpC-drug complex. The small prismatic crystals of the dinucleoside monophosphate were indicated to have monoclinic symmetry from preliminary X-ray photographs. They were sealed in quartz Lindemann capillary tubes with mother liquor so as to minimize loss of bound water. Initial measurement of cell dimensions indicated at least a close similarity to those reported for the sodium salt ; the space group in both cases is C2. Accurate measurements of 25 0 values on an Enraf-Nonius CAD-4 diffractometer showed that, although very close to each other in size, the two cells are actually significantly distinct (Table 1) . Intensity data were collected on the diffractometer with 09-20 scans and graphite-monochromated Cu Ka radiation (1976) Structure analysis
Since the cell dimensions for the ammonium salt are close to those for the sodium one, it was initially assumed that the two crystal structures were approximately isomorphous, with the asymmetric unit of GpC relating to another molecule by means of the crystallographic twofold axis to produce a double-stranded duplex. Accordingly, the Na+GpC coordinates were used as a starting-point for full-matrix least-squares refinement. This converged to an R of 0.45 with no apparent indication as to which regions of the structure were misplaced. It was thus assumed that the two crystal structures were nonidentical, as far as this refinement procedure indicated. Nonetheless, marked differences in gross molecular position were ruled out at this stage. This conclusion was apparently reinforced by examination of a highorder (0 > 25 °) Patterson map in a search for P-P interatomic vectors. A prominent vector in this map corresponded to a P position at x = 0.152, z = 0.041, compared to the P at x = 0.123, z = 0.101 in the Na+GpC structure. However, attempts at translation of the structure to this position, followed by refinement, failed to produce acceptable Fo/F c agreement. Numerous phasing trials starting with the P atoms were unsuccessful, as were attempts using an apparently correct phosphate group (obtained by superposition techniques).
At this point, reciprocal-space search methods (Tollin & Cochran, 1964) were used to find the orientation of the planar base pairs. An I(0,~o) search gave a single strong maximum, which indicated that the normal to the bases lay in the ac plane at an angle of ~-45° with respect to the a axis. This was confirmed using the Rosenberg et al. (1976) base-pair coordinates as a model for a rotation-function search in three dimensions; this gave two prominent peaks (A and B), both of which showed the normal to the base pairs at the orientation predicted by the I(0,~o) function. Orientation A differed from the Rosenberg et al. (1976) orientation by a 90 ° rotation about the b axis, whilst orientation B differed by 180 ° about the a axis (Fig. 1) . The net result was that both orientations gave the same P-P vector, but differed by a 180 ° rotation around an ac diagonal.
In order to find the translational component for each orientation, a computer program was written which calculates intermolecular distances between symmetryrelated asymmetric units as a model is translated with respect to the symmetry elements. For orientation A,
The orientation of a GpC molecule in the sodium salt . (b) The final correct orientation found in this study for ammonium GpC. three minima were found at which there were no intermolecular distances less than 2.7 A, of which one gave good packing with the formation of GpC duplexes utilizing the twofold axes of the space group. However, a structure factor calculation produced a disappointingly high R factor. With orientation B, one of the two minima gave good packing. The transformation from the present structure to the sodium salt is:
This solution resulted in a low R of 0.402. Reexamination of the high-order Patterson map revealed a prominent peak corresponding to this position (which had previously been rejected). The model was gradually improved by a series of Fourier maps in which different parts of the structure were omitted in successive runs.
Refinement
At the point where R was 0.295, refinement was commenced. It was soon realized that unconstrained full-matrix refinement resulted in unacceptable geometries, presumably due to the paucity of observable reflections; accordingly the restrained/constrained refinement procedures of SHELX 76 (Sheldrick, 1976) were henceforth used. Idealized geometry used was based on that found for sodium GpC. Bases were almost fully constrained, whereas the backbone and sugar rings had relatively light restraints, with only valence-bonded distances kept close to their ideal values. In this way, the sugars and backbone atoms were left free to adopt their crystallographic conformations. After several cycles, R was reduced to 0.203. At this point, difference Fourier syntheses were examined in order to locate water molecules and the ammonium ion. Definitive assignment of the ammonium ion could not be made. It was thought most likely that this ion would be in close contact with the phosphate group. Accordingly, each 'water' molecule that was in such a position was tested in turn by least-squares refinement, to see which one gave improved agreement and a lower thermal parameter, when refined as an ammonium ion. Unfortunately, neither test differentiated between the possibilities, so the final assignment, made on distance criteria, is not a unique one. A total of nine distinct water positions were found, of which two were situated on the twofold axis. Further refinement with the P atom assigned anisotropic thermal parameters, and with H atoms in calculated 'riding' positions, resulted in a final R of 0.111. Table 2 lists the final non-hydrogen position parameters.* The atomic numbering scheme used is indicated in Fig. 2 . Most calculations were performed on PDP 11/34 and 11/70 computers; refinements using SHELX were carried out on the University of London CDC7600 computer.
Discussion

Molecular structure
In view of the constrained/restrained refinement used, the values of individual bond distances and angles for ammonium GpC cannot be meaningfully analysed, and so will not be further discussed here. E.s.d.'s for all distances given below average 0.04 A. Fig. 3 shows two molecules of GpC related by the crystallographic twofold axis. The three Watson-Crick hydrogen bonds have similar distances to those found in the other salts (Table 3) t Defined as the angle subtended by the vectors connecting C(1 ') atoms of each base pair, when projected on the average base plane viewed from a point perpendicular to this plane (Berman, Neidle & Stodola, 1978) . 101 only slightly lower than the 30 ° value for the sodium salt. However, it is known that small differences such as this (as well as differences in other conformational variables) can result in considerable differences in helical parameters for RNA double helices derived from quasi-helical fragments such as GpC (Berman & Shieh, 1981) . We are currently further investigating this topic (Islam, Neidle & Subbiah, unpublished studies) .
The backbone and glycosidic torsion angles are given in Table 4 , which shows that the close resemblance to the conformation of A-RNA (Arnott et al., 1976 ) is maintained and, therefore, that the backbone is helical-like. The low value of the 5'-end glycosidic angle compared to that at the 3' end is in accord with the findings for the other GpC salts (Table 4 ). The two ribose sugars are broadly similar, both having C(3')-endo puckers (Table 5 ). However, in detail they are distinct; the 3' ribose has close to pure C(3')-endo character, with its pseudorotation parameter P close to the ideal value of 18 ° (Altona & Sundaralingam, 1972) . The 5' ribose, on the other hand, is best described as C(3')-endo-C(2')-exo (which has a P of 0°), with atoms C(3') and C(2') both deviating from the least-squares plane of C(4')-O(1')-C(1') ( Table  5b ). This pattern, with slightly distinct ring puckers, has been observed in both the sodium and the calcium salts of GpC and in sodium ApU (Seeman, Rosenberg, Suddath, Kim & Rich, 1976) ; as in the present structure, the 3' end displays purer C(3')-endo pucker, and this thus appears to be a general property of ribodinucleosides. Values for the Ca 2÷ salt are the averages from the four independent molecules in the structure. 
Values for the calcium salt are the average for the four independent GpC molecules in the asymmetric unit. The pseudorotation parameter P is defined as: Although the self-complementary ribodinucleoside phosphate structures of GpC and ApU salts show relative conformational uniformity, the backbone angles O(5')-C(5') and C(5')-C(4') both vary over a 20 ° range. These variations are in fact related, as shown in Fig. 4 , in an inverse manner. . Correlation plot of torsion angles (% using data from sodium, ammonium and calcium GpC, and from sodium ApU.
Crystal structure
The GpC molecules in all three salts are heavily hydrated, with eight waters per GpC molecule in the ammonium salt, and nine for each of the other two. All the water molecules are involved in first-shell hydration. The slight increase in hydration for the present structure compared to these others is reflected in its ~3% smaller volume, and may well be a consequence of the likely difference in the hydration requirements possessed by the ammonium ion in this structure, compared to sodium and calcium ions in their GpC salts. We emphasize at this point, in view of the inconclusive ammonium ion assignment, that the following discussion is not to be taken as definite.
Examination of Table 6 shows that the 'ammonium' ion is involved in just three hydrogen bonds, none of which directly concern water molecules. A phosphate O atom O(1)P and 0(5') of the guanosine ribose are bridged by the 'ammonium' ion (Fig. 5) , which also links to the 2' hydroxyl group of a symmetry-related cytosine ribose group. This is in marked contrast with the role of the sodium ion in the sodium salt , which is coordinated only to water molecules and the phosphate group, and even more with the role of the calcium ion in its GpC salt (Hingerty et al., 1976) , which bridges phosphate groups from two GpC molecules and hydrogen-bonds to two guanine bases, as well as coordinating water molecules.
Two water molecules are involved in hydrogenbonded bridges, as well as the 'ammonium' ion detailed above. OW(3) bridges N(3) of a guanine base and 0(2') of its ribose, which itself bridges 0(3') via OW(1) (Fig. 5 ). An identical arrangement is seen in both the sodium and the calcium salt crystal structures, and 0(2')...0(3') water bridges are also found in the sodium ApU structure (Seeman et al., 1976) .
The various sites on the base pairs that are capable of participating in hydrogen bonds besides the Watson-Crick ones, do so in a manner similar to that in sodium GpC. Thus, N(3), N(7) and 0(6) of the guanine hydrogen-bond to water atoms O W(3), OW(1), OW(2) and OW(5) ( Table 6 ). The cytosine base is hydrated via its 0(2) atom; N(4) is involved in a relatively strong interaction (2.91 A) with O(3')C of another GpC molecule neighbouring the major-groove environment of N(4)C. The major groove is defined as shown in Fig. 3 ; it is the side from which the glycosidic bonds are directed towards the sugars and away from the bases. The minor groove is directed to the reverse direction. The major-groove hydration is relatively more extensive than the minor one, with O(6)G and N(7)G participating in hydrogen bonds to four water molecules and N (4)C linking to a symmetry-related O (3')C (see above). By contrast, N(3)G and O(2)C hydrogenbond to just two water molecules, with N(2)G not being hydrated. A channel of water molecules primarily involving OW(1), OW(2) and OW(5) runs parallel to the c axis (Fig. 6 ). This channel also provides linkages to phosphate groups of symmetry-related duplexes. Therefore, these channels also serve to link separate columns of GpC duplexes; by contrast, the sodium GpC structure has the sodium ions dominating these gaps. This pattern of the major-groove hydration network being more extensive than the minor-groove one is typical of A-type double helices. It has been observed in a more marked form in the deoxytetranucleotide d(CpCpGpG), which has an A-DNA structure (Conner, Takamo, Tanaka, Itakura & Dic- 
Conclusions
This study has shown that substituting one counter ion for another may produce significant changes in the crystal structures and hence the patterns of water coordination for nucleic acid fragments. Furthermore, apparent equivalence of unit-cell parameters for these structures may not necessarily be a reliable indicator of isomorphism in packing arrangements for oligonucleotides.
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